Matveeva N.V, Milanovsky E.Yu., Rogova O.B., The method of preparing soil samples for soilwater contact angle measurement using sessile-drop technique, Dokuchaev Soil Bulletin, 2019, V. 97, pp. 91-112, The method of soil samples preparation for measuring the (wetting) contact angle (CA) of the soil solid phase surface using membrane filters is proposed. The samples of kaolinite, a standard sample of chernozem and samples of agro-chestnut soil were taken for the experiment. The results of the CA measurements using two types of sample preparation for the analysis were compared. The first method of sample preparation was to apply a sample to a double-sided sticky tape; the second method involved the deposition of suspensions of the studied samples of certain concentrations on membrane filters. The advantages and disadvantages of each sample preparation method are described. The significant difference in the obtained CA values depending on the sample preparation for measurement was revealed. The method of sample preparation with the use of membrane filters developed by the authors made it possible to reduce the CA measurement error by more than 2 times. Reducing the variation of the CA value of a single sample will allow comparing similar soil samples, including soils of the same type, but involved in different land use systems.
INTRODUCTION
Currently, researchers pay great attention to the work aimed at identifying functionally significant markers, compound groups, fractions and pools, which help to predict the resistance of soil organic matter and soils in general to anthropogenic effects and climatic changes. This leads to the search for methods and technologies to determine the integral indicators of changes in the properties of organomineral soil system with a minimum altering in its chemical composition and microaggregate structure. A change in the substantial soil composition, especially the properties of organic substance, is reflected in a change in physical properties, namely, the properties of solid phase surface, such as hydrophilicity and hydrophobicity of particles, which determines wettability and affects agronomic value of the soil structure as a whole (Milanovsky et al., 2005) . Thus, the properties of solid soil phase surface are linked to infiltration, evaporation, resistance to water erosion and to hydrological soil balance in general. Soil water-repellent properties depend mainly on the organic components of various origin and structure (Doerr et al., 2000) . Wettability increases with more and denser polar functional groups on the surface of solid soil phase, while non-polar functional groups on the surface of solid phase contribute to formation of moisture-repellant surface (Ellerbrock et al., 2005) . Root excretions (Moradi et al., 2012) , decomposition products of leaf and branch decay along with bacteria and fungi decay products in the soil (Doerr et al., 2000) can also affect soil wettability. All the indicators mentioned above are directly correlated with the method of soil treatment and use.
Several methods are used to determine the degree of soil wetting. These methods are usually selected based on their suitability for field or laboratory work, as well as time and resources (Papierowska et al., 2018) . Afield the ability of soil to be wetted is often estimated by infiltration time (water drop penetration time, WDPT) (Bahrani et al., 1973; Doerr, 1998) ; in the laboratory it is determined by measuring the soil-water contact angle (CA) using any of two waysby capillary rise method (CRM) (Adamson, 1990; Liu et al., 2016) or by sessile drop method (SDM) (Ryley, Khoshaim, 1977) .
Measurement of the contact (wetting) angle (CA) is a common method to measure soil hydrophobicity (Burghardt, 1985; Shein, 2014; ; however, there are no universal methods for applying it to all types of soil samples (Bachmann, 2001) . So, in the work (Shang et al., 2008 ) different methods of CA measuring were compared; the CA ranged from 10º to 40º. The authors noted the highest measurements replicability for finely dispersed mineralskaolinite and illite, while the accuracy in the case of the sessile drop method was influenced by the thickness of test sample layer. Thus, the method of sample preparation for measurement plays a crucial role in obtaining replicable results. When preparing samples, the following requirements should be considered: the thickness of the sample layer should be minimal in order to exclude the absorption and let the drop spread over. In this case the sample particles should form the densest surface. In 2000, Bachmann (Bachmann et al., 2000) proposed to apply a powder sample onto a double-sided sticky tape fixed on a slide. In the work (Lamparter et al., 2010) it was proposed to place the sticky tape on a flexible fabric rather than on a hard surface so that the sample covers better the surface of the adhesive tape. However, this method also does not guarantee that the particles will be evenly and densely distributed on the tape surface. Moreover, the properties of the sticky tape itself, which is used as a support, can affect the results due to the fact that the particles on its surface are insufficiently densely packed (Goebel et al., 2004) .
The aim of this work is to improve the existing methodology for soil samples preparation to determine the contact (wetting) angle in order to obtain more reliable measurement results. To obtain a uniform sample surface and to exclude any influence of sticky tape on measurement results, we propose to deposit a water suspension on a membrane filter. Reducing the variation in CA value of single sample would make it possible to compare soil samples with similar properties, including soils of the same type but of different land use systems.
MATERIALS AND METHODS
The experiments were carried out on the clay mineral kaolinite of Prosyanovskoye deposit, a standard sample of chernozem (Certificate SP-1 No. 901-90) and samples of agro-chestnut soil, which were selected in 2013 on the fields of the FSBSI VNIIOZ, Volgograd Region from the upper layer of 0-25 cm. Air-dry soil samples were ground with a pestle with rubber top and sieved through a 1 mm sieve.
The evaluation of CA was carried out by sessile drop method (Ryley, Khoshaim, 1977) , on a digital goniometer (Drop Form Analysis System, DSA100, Kruss, Germany) equipped with a video camera and a software. The method allows getting CA value directly, by constructing a tangent line at the interface point of three phaseswater, soil, airin contrast to the method of raising capillary rim, in which the CA is calculated by the curves of the change in soil weight when it is saturated with water.
Sessile drop method is to place a drop of water on a flat surface and to measure the angle of water-surface phase separation. The experiment is carried out according to the following scheme: a drop of distilled water of 1.5 μl is squeezed out from a vertically placed needle, the needle goes down so that the drop settles on the sample, then the needle rises. The whole process is recorded by video filming. The software allows us to analyze the drop shape on the sample surface and calculate CA values. Since the soil has a high absorptive capacity (Shang et al., 2008) , CA is determined by the first clear shot at the time when the drop settles onto the sample and the needle is removed ( Fig. 1) .
To select the optimal conditions to measure CA we have tested two different methods of sample preparation for measuring.
The following were used as a basis for the sample application: double-sided sticky tape on a polypropylene basis with an acrylic adhesive system, the tape thickness is 1000 microns; Vladipor MFAS-OS-2 type membrane filters that is a microporous film material made on the basis of a mixture of cellulose acetates with a pore size of 0.45 microns and the total porosity of 80-85 %. The diameter of the filter is 47 mm.
The samples were applied on a double-sided sticky tape according to the method described in the literature (Bachmann et al., 2000b; Beatty, Smith, 2010) . Seven identical squares of double-sided sticky tape were glued onto a slide with the size of (2.5 × 7 cm). Separation of sticky tape sections is necessary to prevent excessive liquid spreading during the experiment; this method made it possible to record the number of CA measurement for each sample. The ground sample was evenly distributed on a slide covered with double-sided sticky tape and pressed with another slide for one minute with a force of about 100 g. Non-sticking particles were gently shaken off and the sample was pressed once again with a glass slide. To obtain a sample film on a membrane filter a vacuum filtration unit with a porous glass base for a membrane filter was used. The unit consisted of a funnel of 250 ml and a Bunsen flask of 1 liter. The filtration area through the unit was 12.5 cm 2 . The filtration unit was used in conjunction with a water-jet vacuum pump connected to the water supply system. Before the experiment the membrane filters were kept in distilled water for 24 hours so that their surface was evenly moistened, which would ensure equal filtration over the entire filter surface. Having checked that the filtration surface was of horizontal position at vacuum, the membrane filter was carefully placed on it avoiding the formation of air bubbles under the filter, pressed with the G (gas) L (liquid) S (solid) funnel and fixed with a special clip. The waterjet pump was turned on and then several aliquots of distilled water were passed through the filter. The water and the samples suspensions were applied with a 5 ml dose-meter. After the water vaccum suction filtration the vacuum was turned off so that a small layer of the liquid could remain on the filter, the sample suspension was carefully applied dropwise, after that the pump was turned on. Wet filters with the sample were placed on the slide onto which a double-sided sticky tape had previously been glued; then dried at 40º in the drying oven.
The technique for CA measuring on a sticky tape was described in the work (Bachmann et al., 2000b) and suggested CA measuring of the samples at their application to a double-sided sticky tape. Before measurement the test samples were kept for 24 hours in the drying oven at the temperature of 40º, then they were ground in an agate mortar and sieved through a 100-micron sieve. As it is known, drying temperature affects water-repellent properties of soils; therefore, it should not be further increased (Dekker et al., 1998) . The experiment was conducted on air-dried samples.
Methods of CA measuring on membrane filters. The work (Wu, 2001 ) described the procedure for samples preparation by putting aqueous suspensions on slides. The method was proposed to reduce the influence of the surface properties on CA value on which the sample is applied and also made it possible to reduce the amount of the sample, compared with the method described above. However, it is thus difficult to ensure the required thickness of the analyzed sample layer and to avoid the appearance of inhomogeneity during drying.
Our modification of the technique consists in uniformly applying soil suspension to the membrane filters rather than to the slide. For this, we placed in a test tube a dried, ground and sieved through d = 0.25 mm weighed portion of sample and added 25 ml of distilled water. The suspensions of the studied samples with 8 different concentrations from 0 to 5 mg/ml were exposed to Branson Digital Sonifier ultrasound at the power of 40 % for 5 min. Then, the entire suspension was transferred back to the tube at the same time being filtered through a sieve with d = 0.1 mm to ensure greater homogeneity. The residual insignificant amount of coarse sand was collected separately and was not used in the analysis.
Statistical processing of the results was carried out in the STATISTICA10 program (StatSoft, RU). The normality of the distribution of CA values for each sample was checked with the Kolmogorov -Smirnov normality criterion (Lilliefors, 1967) . The significance of pairwise differences was checked with t-test. The correlation between CA value and concentration of the deposited suspension on the membrane filter was checked by the Kruskal -Wallis (K-W) criterion (Kruskal, Wallis, 1952) .
RESULTS AND DISCUSSION
Testing of the sample preparation method using sticky tape was carried out on kaolinite mineral and 16 samples of agro-chestnut of various land use systems. Measurements of kaolinite CA were carried out in three experimental replications each of which assumed seven analytical replicates. The average kaolinate CA value was 27º, the variation in the CA value for one experimental replication ranged from 1.5º to 8º, which is 28 % of the average value (Fig. 2) .
Varying CA value at measurements on sticky tape corresponds to the variation obtained by other authors when studying the CA of minerals and soil samples prepared for analysis in the same way Given the uniformity of material composition of pure mineral and the size of its particles, such large differences can only be explained by the complexity of uniform and replicable sample application to the sticky tape.
The heterogeneity of real soil samples is obviously higher than that of a pure mineral. When analyzing CA value of similarly prepared samples of agro-chestnut soil, the average values for a single sample turned out to range from 17.1º to 27.6º, while the variation of this indicator for one sample was from 2.8º to 16.5º (Fig. 3) . Such variation leads to the fact that confidence intervals on the chart overlap by 1/3 or more. As is known (Grzhibovski, 2008), with CA, degrees replications such a strong overlapping of confidence intervals we can observe the absence of a significant difference in relative values, i.e., such a significant variation in CA values measured for one sample makes it difficult to compare values obtained for different samples. Therefore, we propose a different method of sample preparation with deposit of their suspensions on the membrane filters.
When determining CA with sessile drop method it is necessary to ensure a uniform, even, dense surface of the test sample and a sufficient thickness of its layer on the support so that the support material does not affect the obtained results. These conditions are satisfied when a quantity of the substance deposited on the filter is not less its certain amount, depending on the filter surface area. The optimal concentration of the suspension deposited on the membrane filter was determined with a kaolinite mineral, a standard sample of chernozem (SP-1) and a sample of agro-chestnut soil. The volume of suspension aliquot deposited on the membrane filter was 5 ml, thus, on the filter we received the concentrations of 0, 2, 4, 8, 10, 15, 20 and 25 mg/filter, respectively. The filtration part area was 12.5 mg/cm 2 . Thus, when recalculating the concentration of deposited suspension per 1 cm 2 , we obtained a range from 0 to 2 mg/cm 2 .
CA, degrees sample number Three filters were prepared for each concentration (four filters for zero concentration) and each analytical filter had six analytical replications of the CA measurements. By analyzing kaolinite and soil samples we were able to determine optimal concentration of the substance necessary for the study. The results are presented in Figure 3 . It is clearly seen that in the case of kaolinite the contribution of the surface properties of the filter itself to CA value disappears at lower concentrations compared with the soil sample. Due to the homogeneity and small particle size of the mineral even at low concentrations of the suspension deposited on the filter we obtained values corresponding to the published data -27.8º (Shang et al., 2008; Leelamanie et al., 2010) . Also, Figure 4 clearly shows a decrease in the standard deviation of the obtained CA values compared with the first method. Our proposed method of material sample preparation allowed us to reduce the range in CA value for one sample to 2º-5º for kaolinite and to 2º-8º for soil samples. 70º, arable land as 14º-26º depending on water resistance. Our final CA values for SP-1 made of Kursk chernozem material are 33º-38º, which may be associated with a partial transformation of organic substance during storage. The dependence between CA values on the concentration of deposited suspensions was determined with the Kruskal -Wallis criterion (Kruskal, Wallis, 1952) . The suspension concentration acted as a grouping variable, CA valueas a dependent variable. Table 2 shows levels of significance (p) for different samples and ranges of suspension concentration changes. The results show that over the entire range of curves ( Fig. 3) there is a significant correlation between the suspension concentration and the CA value, as evidenced by the level of significance of p < 0.05. CA value on suspension concentration dependence disappears, starting from a concentration of 0.32 mg/cm 2 for kaolinite, 0.8 mg/cm 2 for chernozem and 0.64 mg/cm 2 for a chestnut soil sample. We suppose that the minimum suspension concentration sufficient to obtain a uniform layer on the membrane filter surface depends on the particles size and on the structural features of the sample. So, the most finely dispersed sample of the studied ones is kaolinite, therefore, to obtain a homogeneous thin layer less suspension concentration is required. The structure of soil samples is more complex, including both the mineral part and organic components. The highest concentration of suspension was required for chernozemfrom 0.8 mg/cm 2 , which may be associated with a high content of organic substance.
Assessment of the significance of suspension concentration effect on CA value by the Kruskal -Wallis test allowed us to determine at what minimum suspension concentration of the test sample the dependence between CA and concentration disappears. However, this analysis does not make it possible either to evaluate replicability between the experimental replicates or to speak about uniformity of the sample thin layer deposited on the membrane filter.
Therefore, we evaluated the significance of the differences between the measurements for various concentrations as well as for one concentration between experimental replicates. Since the verification by the Kolmogorov-Smirnov criterion (Lilliefors, 1967) confirmed the normal distribution of the property, the pairwise comparison of CA values was carried out with calculation of the Student t-criterion: for kaolinite samples significant differences between the replicates for one and for different concentrations disappear at the concentration of 0.8 mg/cm 2 and higher.
At lower concentrations of the suspension deposited on the membrane filter there are significant differences for various concentrations, while there are no significant differences in replicates for one concentration. For soil samples significant differences disappear at the suspension concentration of 0.8-1.6 mg/cm 2 . At the lower concentration of 0.32 mg/cm 2 the average values of the contact wetting angle for chernozem is significantly different from those corresponding to other concentrations and between replicates for this concentration. This is due to the fact that a soil sample at such a low concentration is more difficult to apply to the membrane filter in order to obtain a uniform layer, compared with the finely dispersed mineral kaolinite.
Thus, according to the results of our experiment, the minimum suspension concentration of the test sample sufficient for replicable results and confirmed by the Kruskal -Wallis criterion is 0.8 mg/cm 2 . T-criterion made it possible to determine the range of optimal concentrations to determine the CA of the studied samplesfrom 0.8 to 1.6 mg/cm 2 .
Comparing kaolinite and agro-chestnut soil CA for different sample preparation methods (Table 3 ) it should be noted that the average CA values obtained on membrane filters in the selected range of suspension concentration fit the CA values measured on the doublesided sticky tape, at which case a scatter of values was significantly smaller. Verification of these samples by t-criterion did not reveal significant differences. It then follows that the proposed method of sample preparation with membrane filters makes it possible to obtain reliable results of CA measurements with less variation, which will enable us to compare soil samples and their components that are close in properties or origin.
Comparing the two methods it should be noted: the CA measurement of the samples deposited on a double-sided sticky tape has a simpler sample preparation, however, at the same time it gives a greater variation in the contact angle which is associated with the heterogeneity of the soil particles and the difficulty in their uniform appliance to the sticky tape. Such a technique requires a larger amount of studied material, which is not always possible in the study of hardly extractable soil fractions. CA measurement on membrane filters supports reducing by half the variation of analysis results and minimize the weighted portion of the test sample. This method of sample preparation has some disadvantages associated with the difficulty of sample uniform application on the membrane filter: determining the optimal concentration of the suspension which is necessary for deposition on the membrane filter; observing the same filtration rate in all parts of the filter.
CONCLUSIONS
When analyzing and comparing the results of CA measuring, it is necessary to consider both the measurement method (Bachmann et al., 2003; Papierowska et al., 2018) and the sample preparation before the measurement. We proposed a method of sample preparation with membrane filters that made it possible to reduce by half the variation in CA value for a single sample. We suggest considering a concentration of 0.8 to 1.6 mg/cm 2 optimal for soil suspension in the study of chernozems and chestnut soils. It should be noted that before measuring CA of other soil types with the proposed method it is necessary to verify the correctness of the chosen concentration of the soil suspension deposited on the membrane filter.
